The patterning and functioning of protrusive activity during convergence

and extension of the Xenopus organiser by Keller, Ray et al.
Development 1992 Supplement, 81-91 (1992)
Printed in Great Britain C The Company of Biologist! Limited 1992 81
The patterning and functioning of protrusive activity during convergence
and extension of the Xenopus organiser
RAY KELLER1, JOHN SHIH2 and CARMEN DOMINGO1
1
 Department ofMolecular and Cell Biology, University of California, Berkeley, Berkeley CA, USA
2Tlie Beckman Institute, California Institute of Technology, Pasadena CA, USA
Summary
We discuss the cellular basis and tissue interactions reg-
ulating convergence and extension of the vertebrate
body axis in early embryogenesls of Xenopus. Conver-
gence and extension occur in the dorsal mesoderm
(prospective notochord and somite) and in the posterior
nervous system (prospective hindbrain and spinal cord)
by sequential cell intercalations. Several layers of cells
intercalate to form a thinner, longer array (radial inter-
calation) and then cells intercalate in the mediolateral
orientation to form a longer, narrower array (medio-
lateral intercalation). Fluorescence microscopy of
labeled mesodermal cells in explants shows that pro-
trusive activity is rapid and randomly directed until the
midgastrula stage, when it slows and is restricted to the
medial and lateral ends of the cells. This bipolar pro-
trusive activity results in elongation, alignment and
mediolateral intercalation of the cells. Mediolateral
intercalation behavior (MIB) is expressed in an ante-
rior-posterior and lateral-medial progression in the
mesoderm. MIB is first expressed laterally in both
somitic and notochordal mesoderm. From its lateral ori-
gins in each tissue, MIB progresses medially. If conver-
gence does not bring the lateral boundaries of the tissues
closer to the medial cells in the notochordal and somitic
territories, these cells do not express MIB. Expression
of tissue-specific markers follows and parallels the
expression of MIB. These facts argue that MIB and
some aspects of tissue differentiation are induced by sig-
nals emanating from the lateral boundaries of the tissue
territories and that convergence must bring medial cells
and boundaries closer together for these signals to be
effective. Grafts of dorsal marginal zone epithelium to
the ventral sides of other embryos, to ventral explants
and to UV-ventralized embryos show that it has a role
in organising convergence and extension, and dorsal
tissue differentiation among deep mesodermal cells.
Grafts of involuting marginal zone to animal cap tissue
of the early gastrula shows that convergence and exten-
sion of the hindbrain-spinal cord are induced by planar
signals from the involuting marginal zone.
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Introduction
We have made significant progress in understanding the cel-
lular basis of the powerful convergence and extension
movements that function in gastrulation, neurulation and
formation of the vertebrate body axis in amphibians
(reviewed in Keller et al., 1991a, b; also see Keller et al.,
1992a,b; Keller and Shih, 1992), as well as other verte-
brates, including fish (Warga and Kimmel, 1990; Trinkaus
et al., 1992) and birds (Schoenwolf and Alvarez, 1989). The
cellular behavior underlying these movements in amphib-
ians, their patterning and timing, and the geometry and
mechanics of their function are very complex. For details,
the reader should consult the papers cited above. We will
use this occasion to provide a more accessible overview of
the essential findings.
Convergence and extension
The terms 'convergence' and 'extension' were defined in
the classical 'Entwicklungsmechanik' period of develop-
mental biology and they describe the narrowing and length-
ening of the dorsal tissues of the embryo, including the
prospective notochord, somitic mesoderm and posterior
neural plate during gastrulation and neurulation (see Keller
et al., 1991b for a history) (Fig. 1 A). These movements are
important because they drive much of gastrulation (Keller,
1986) and constitute a major part of the morphogenetic
activity of the Spemann organiser and of the nervous system
that the organiser induces (Keller et al., 1991b; Keller et
al., 1992a,b). These movements elongate the body axis, thus
transforming the spherical egg into the elongate, bilaterally
symmetrical vertebrate body plan. These movements are
fundamental, general features of morphogenesis throughout
the Metazoa, both during early and late stages of develop-
ment and during regeneration (see Keller, 1987). Lastly,
these movements are important because they represent the
type of 'mass movement' in which mechanical integration
of local cell motility produces forces that change the shape
of the cell population, a process about which we know very
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little, despite its overwhelming contribution to the shaping
of the embyro.
Convergence and extension are studied in explants
Although these movements have been described (Vogt,
1929; Keller, 1975, 1976; Jacobson and Gordon, 1976) and
analyzed (Keller and Tibbetts, 1989; Keller et al., 1989a,
b) in the whole embryo, the cell behaviors and mechanics
underlying them can best be seen and analyzed in cultured
explants. Convergence and extension of all dorsal tissues
are displayed in sandwich explants of the dorsal marginal
zone (DMZ) (Keller et al., 1985a, b; Keller and Danilchik,
1988) (Fig. IB). There are two regions of convergence and
extension, one in the involuting marginal zone (IMZ), con-
sisting of prospective notochordal and somitic mesoderm
and archenteron roof endoderm, and another in the prospec-
tive posterior neural plate, comprising the prospective hind-
brain and spinal cord (Fig. IB). Both show mechanically
autonomous, active convergence and extension that are not
dependent on cell traction on external substrata (Keller et
al., 1985a, b). Thus the forces producing these movements
must be generated within the explant.
Convergence and extension occur by radial and
mediolateral cell intercalation
Convergence and extension in Xenopus occur primarily as
a result of cell intercalations in two directions. These cell
intercalations were revealed directly by time-lapse video-
recordings of the deep cells in 'open-faced' explants, which
expose these cells to observation (Wilson et al., 1989;
Wilson and Keller, 1991; Keller et al., 1989a) (Fig. 1C).
First, the deep cells intercalate perpendicular to the surface
of the embryo such that several layers of deep cells form
fewer layers of greater area (radial intercalation) (Fig. 2).
For reasons not yet understood, the greater area produced
by radial intercalation in the marginal zone is expressed
solely by extension in the animal-vegetal (anterior-pos-
terior) axis (Wilson and Keller, 1991), rather than in all
directions, as is the case in epiboly of the animal cap
(Keller, 1978, 1980). Following radial intercalation, the
deep cells intercalate along the mediolateral axis to form a
longer, narrower array (mediolateral intercalation), thus
producing convergence and extension (Fig. 2). During this
period of deep cell intercalation, the superficial epithelial
cells spread, divide and intercalate mediolaterally to form
a longer, narrower array, despite the fact that their apices
are connected by a junctional complex (see Keller, 1978;
Keller and Trinkaus, 1987).
This sequence of radial and mediolateral cell intercala-
tions also produces convergence and extension of the pos-
terior nervous system. By grafting patches of cells labeled
with fluorescein dextran amine (FDA) into unlabeled hosts
and monitoring their intercalation with unlabelled cells
during subsequent stages of development, we showed that
convergence and extension of the hindbrain and spinal cord
in sandwich explants and in whole embryos also occurs by
radial intercalation followed by mediolateral intercalation
(Keller et al., I992a,b). We also used this method to show
that convergence and extension of the mesoderm occurs by
radial (Keller et al, 1992a) and mediolateral intercalation
(Keller et al., 1985a, b; Keller and Tibbetts, 1989) in whole
embryos. Thus what is observed in the explants is not an
artifact of manipulation or culture.
The timing and position of radial and mediolateral
intercalation
Radial intercalation and mediolateral intercalation occur in
sequence. Radial intercalation begins in the dorsal meso-
derm at the early gastrula stage (stage 10) and is largely
complete by the early midgastrula (stage 10.5). Then medi-
olateral intercalation begins, with some overlap, and con-
tinues until near the end of neurulation (stage 18). The same
sequence occurs in the hindbrain-spinal cord, beginning
slightly later than in the mesoderm. In both mesoderm
(Wilson et al., 1989; Wilson and Keller, 1991; Shih and
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Fig. 2. Diagrams show the cell
intercalations underlying convergence and
extension of the IMZ in open-faced
explants. In the center column, change in
the shape of open-faced explants are
shown at early, middle and late gastrula
stages and the cell behaviors producing
these movements are shown on the sides.
The inner, deepest surface is shown
uppermost and the epithelial layer
normally forming the outer surface of the
embryo is at the bottom in all diagrams.
The open arrows in the center column
illustrate the tissue deformation. The
small arrows on the cells in the right and
left columns indicate the direction of cell
movements. Radial intercalation (left)
produces thinning and extension in the
first half of gastrulation and mediolateral
intercalation (right) produces convergence
and extension in the second half. Modified
from Wilson and Keller, 1991.
Fig. 1. Schematic diagrams show the
convergence and extension of the
involuting marginal zone (IMZ), shown
in red (mesoderm) and yellow
(endoderm), and the posterior neural
plate (prospective hindbrain-spinal
cord), shown in blue, in whole embryos
(A) in sandwich explants (B), in open-
faced explants (C), in shaved, open-
faced explants (D) and in deep cell
explants (E). Arrows in the left column
indicate manipulations of the tissue;
arrows in the middle column indicate
tissue movements. Sagittal views of the
early gastrula and neurula show the
extraordinary extension of the
mesodermal and posterior neural
tissues during gastrulation and
neurulation (A). Convergence and
extension of both tissues occur in
sandwich explants (B). made by cutting
out the dorsal sector of the early
gastrula and sandwiching it with
another, identical explant. This explant
consists of a superficial epithelium (ep)
and a deep, nonepithelial
(mesenchymal) region (d). It consists of
an animal cap region (white), which
normally forms forebrain. a
noninvoluting marginal zone (blue),
which normally forms hindbrain and
spinal cord, and an involuting murgmal
zone, consisting of a superficial layer of
prospective endoderm (en, yellow), and
a deep region of prospective
notochordal (n. red) and somitic (s,
orange) mesoderm. Open-faced
explants (C) are designed to expose the
deep mesodermal cells to observation
and consist of one explant cultured in
modified Danilchik's solution under a
coverslip conditions under which the
IMZ will converge, extend and
differentiate into somites and
notochord. Shaved open-faced explants
are a further modification designed to
expose the deep cells next to the
overlying endodermal epithelium (D).
These are made and cultured like open-
faced explants but the innermost layers
of deep cells are shaved or peeled off
with an eyebrow knife, exposing the
deep cells next to the endodermal
epithelium to observation and
videorecording for analysis of cell
behavior at high resolution (box, D).
Lastly, deep cell explants are made
from stage 10.5 or 1 1 embryos in which
the same tissues are excised and the
adjacent sheet of prospective endoderm
removed, leaving a layer of deep
mesodermal cells. (E). Convergence
and extension of the deep mesoderm is
largely independent of the overlying
epithelium after these stages. The
mesoderm is partially involuted at these
stages and must be straightened before
culture (not shown). Modified from
Keller et al., 1991a.
Fig. 3. The cellular behavior and protrusive
activity driving mediolateral intercalation of deep
mesodermal cells are illustrated. In the early
gastrula (stage 10-10.5) the deep mesodermal
cells divide once and show rapid protrusive
activity (red) oriented in all directions (A,B). At
the midgastrula stage (10.5). cell division ceases,
protrusive activity slows dramatically and
protrusive activity becomes polarized in the form
of large, stable protrusions at the medial and
lateral ends of the cells (C). These directed, stable
protrusions are applied directly to the surfaces of
adjacent cells and advance between adjacent cells
without contact inhibition. Traction generated in
the mediolateral axis by these oriented, invasive
protrusions result in mediolateral cell elongation,
alignment and intercalation (C). Mediolateral
intercalation results in the convergence and
extension of the cell population through the rest
of gastrulation and neurulation (C-E). At stage 11
and thereafter, the boundary between notochordal
and soniitic mesoderm forms and inhibits the
invasive, protrusive activity where the bipolar
cells contact the boundary (blue), making the
boundary cells monopolar in protrusive activity
Thus internal cells are captured at the boundary
and elongate the boundary while pulling more
deep cells to the boundary (D.E) (see Keller et
al.. 1989a) Active protrusions entering the
boundary (pointers. D. E) first bleb, spread on the
boundary and then cease all protrusive activity.
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Keller, 1992a) and in the neural tissue (Keller et al., 1992a),
intercalation begins in the prospective anterior end and pro-
ceeds posteriorly. Mediolateral intercalation begins in the
post-involution, prospective anterior axial mesoderm and
proceeds posteriorly, forming a constriction ring at the
blastoporal lip that drives involution of the marginal zone
(Keller, 1986; Wilson and Keller, 1991). These observa-
tions explain how convergence and extension of the EMZ
can drive much of gastrulation without participation of
other components of the gastrula (Keller et al., ]985a, b).
If the continuity of the constriction ring is broken, involu-
tion fails and 'ring' embryos form (Schechtman, 1942;
Keller, 1984).
Bipolar, mediolaterally directed protrusive activity drives
mediolateral cell intercalation, and convergence and
extension
We were unable to see how cells generate the forces that
move them between one another by videorecording the
deep cells at the inner surface of the open-faced explant
(Fig. IC). The deepest mesodermal cells do not participate
in active mediolateral cell intercalation until later stages
(see Keller et al., 1989a; Wilson et al., 1989), because the
overlying endodermal epithelium organises mediolateral
intercalation from the outside inward (see discussion below
and Shih and Keller, 1992a). Thus, to observe the deep
cells immediately beneath the epithelium, we developed
the 'shaved' explant in which the deepest mesodermal cells
in the open-faced explant are shaved off with an eyebrow
hair, exposing the ones immediately beneath the epithe-
lium to observation, videorecording and manipulation (Fig.
ID). Alternatively, we made explants of only the deep
mesoderm of the early midgastrula (stage 10.5), which by
this time has been thinned by radial intercalation and is no
longer dependent on the overlying epithelium to organise
mediolateral intercalation. This explant consists of only
deep mesodermal cells and most or all the cells can be
seen, thus negating the problem that unseen cells may be
generating forces that we attribute to the cells that we
observe.
The cell behavior in these two types of explants was
recorded with epi-illumination and protrusive activity was
recorded with low-light, fluorescence microscopy and
image processing (Keller et al., 1989a; Keller et al., 1991a,
b; Shih and Keller, 1992b). We will summarize our under-
standing of the mechanism of deep mesodermal cell inter-
calation (Fig. 3) and then show examples of evidence sup-
porting these ideas.
Deep mesodermal cells divide once in early gastrulation,
while remaining isodiametric and showing rapid, randomly
directed protrusive activity (Fig. 3A, B). Then, at the tran-
sition of early and midgastrulation (stage 10.5) (Fig. 3C),
protrusive activity slows dramatically and becomes directed
medially and laterally in the form of large lamelliform and
filiform protrusions applied to the surfaces of adjacent cells.
The cells elongate, align and intercalate parallel to the medi-
olateral axis and perpendicular to the anterior-posterior axis
(animal-vegetal axis) (Fig. 3C). They then intercalate medi-
olaterally to form a longer narrower array (Fig. 3C, E).
These events appear directly related to the traction of the
large medial and lateral protrusions on adjacent cells. These
protrusions advance across the neighboring cells without
contact inhibition of movement. When the notochord-
somitic mesodermal boundary forms, beginning at stage 11,
the bipolar cells in the region of the boundary cease pro-
trusive activity at their boundary-facing margin (Fig. 3D)
(Keller et al., 1989a). Protrusions of cells entering the
boundary by intercalation (pointers, Fig. 3D,E), first bleb
violently, then spread in the plane of the notochord bound-
ary and finally cease all protrusive activity. Thus, they
become monopolar and stabilize their position at the bound-
ary while they exert traction on deeper cells (Fig. 3D)
(Keller et al., 1989a; Shih and Keller, 1992a). As a result,
internal cells are pulled to the boundary and captured there,
thus elongating the boundary (Fig. 3D,E). Both the bipolar
and monopolar protrusive activity contributes to mediolat-
Midgastrula
(Stage 10.5)
Late Gastrula
(Stage 13)
Late Neurula
(Stage 18)
Medial
Posterior
Fig. 4. Cell tracings from a deep cell explant show
mediolateral intercalation of deep mesodermal cells
during convergence and extension of an explant
without the endodermal epithelium. The filled arrows
indicate convergence movements and the open arrows
indicate extension movements.
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Fig. 5. A print of a videorecording made with epi-illumination shows the mediolateral cell elongation and alignment accompanying
mediolateral cell intercalation (below pointers, A). A print of a videorecording made with low-light fluorecence microscopy and image
processing of Dil-labeled, intercalating mesodermal cell shows the bipolar morphology, mediolateral elongation (upper left to lower nght)
and protrusive activity at the medial and lateral ends (pointers, B). Another Dil-labeled cell lies beneath the lower edge of the brightly
labeled cell.
eral cell intercalation. The bipolar, medially and laterally
directed protrusive activity exerts traction on adjacent cells,
elongates them, aligns them and pulls them between one
another to form a longer, narrower array prior to noto-
chordal-somitic boundary formation (Fig. 3C-E). This
process continues in central regions after the boundary
forms, bringing more cells within reach of the boundary,
where the monopolar activity and cell capture elongates the
boundary.
Tracking of individual cells in time-lapse recordings
shows details of cell shape changes and mediolateral inter-
calations during convergence and extension (Fig. 4).
Although cells elongate mediolaterally and shorten anterior-
posteriorly, their mediolateral intercalation is sufficient to
produce convergence and extension of the tissue (see
shaded cells, Fig. 4). The pattern of intercalation is inde-
terminate, with no precise order of intercalation (Fig. 4).
Cells will occasionally change anterior-posterior or medio-
Stage 10-10.25
A
Stage 10.5-12
A
M
Fig. 6. Plots of percent of protrusive activity in each of 6 sectors
around the deep mesodermal cells shows the initial random
orientation in the early gastrula (left) and the dramatic restriction
of protrusive activity to the lateral and medial ends of the cells
after the midgastrula stage when these cells are intercalating
mediolaterally (right).
lateral positions once or even several times in the course
of intercalation. Little or no cell division occurs during
mediolateral intercalation. Epi-illumination shows the dra-
matic mediolateral elongation and alignment that accom-
panies mediolateral intercalation (Fig. 5A). Low-light, flu-
orescence microscopy and video image processing shows
that bipolar protrusive activity, directed medially and lat-
erally, drives the elongation, alignment and intercalation of
mesodermal cells (Fig. 5B). Plots of the direction of pro-
trusive activity from recordings of fluorescently labeled
cells show protrusive activity is randomly directed in early
gastrulation (stage 10-10.25) and is polarized medially and
laterally in the second half of gastrulation (stage 10.5-12),
when the cells elongate, align and intercalate (Fig. 6). (For
details and additional evidence see Keller et al., 1989a, b).
Also, computer modelling of rules of cell behavior has
proven useful in evaluating the contribution of specific cell
behaviors to the cell intercalation, cell shape changes, and
convergence and extension of the notochord (Welicky et
al., 1991).
Patterns of mediolateral intercalation behavior
(MIB)
The bipolar protrusive activity, cell elongation and cell
alignment that precede and accompany mediolateral inter-
calation are collectively called mediolateral intercalation
behavior (MIB) and the expression of MIB can be followed
in large explants by following cell elongation and align-
ment. MIB is expressed progressively across the mesoder-
mal cell population in a pattern that reflects both the func-
tion of mediolateral intercalation in gastrulation and the
progress of the signalling and response system that organ-
ises the IMZ (Shih and Keller, 1992a). The progression of
MIB will be described in terms of the anterior-posterior and
lateromedial axes of the prospective notochord and somitic
mesoderm in large explants of the IMZ (Fig. 7), and MIB
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Fig. 7. The top diagram shows the vegetal (Vg) aspect of the early
gastrula as it would appear if the dorsal 270 degrees of superficial
endoderm were removed, exposing the prospective mesodenmal
tissues, including the notochord (no) and somitic (so) mesoderm.
Patterning of mediolateral intercalation behavior (MIB) was
studied in large explants of this mesoderm, shown in the bottom
diagram. The patterning of MIB will be discussed in the context
of the prospective anterior (A) to posterior (P) and lateral (L) to
medial (M) axes of the prospective notochordal and somitic
mesoderm in these large explants of the marginal zone. The dorsal
(d) to ventral (v) axis of the gastrula is indicated by a dashed line.
This diagram is based on Keller, 1975, 1976; Wilson et al., 1989
and Keller et al., 1989.
will be represented as elongated and aligned cell outlines
(Fig. 8). MIB produces convergence and extension, but in
turn convergence and extension modi fly the expression of
MIB. Therefore, we will compare MIB expression in
explants in which convergence and extension has been
blocked by mechanical resistance (Fig. 8A) with explants
that converge and extend (Fig. 8B).
MIB is expressed first in an arc at the anterior end of the
axial mesoderm, called the vegetal alignment zone (VgAZ).
The VgAZ is initiated bilaterally, about 15 degrees from
the midline and progresses towards the midline in the early
midgastrula (Fig. 8, stage 10.5-10.75). MIB then spreads
laterally and ventrally along the vegetal edge of the IMZ
(Fig. 8, stage 11), which is an anterior-posterior progres-
sion along the lateral edge of the prospective somitic meso-
derm (refer to Fig. 7). The boundary of the notochord forms
at the midgastrula stage (stage 11), beginning within the
VgAZ and progressing posteriorly (Fig. 8, stage 11-
onward). MIB then spreads posteriorly from its origin in
the VgAZ, following the lateral aspect of the notochord,
along its boundary (Fig. 8, stage 11-onward). From its
origin laterally in the somitic mesoderm, MIB progresses
medially, toward the prospective notochord. From its lat-
eral origin in the notochord, it spreads medially towards the
center of the notochord territory (Fig. 8, stage 11-onward).
Differentiation of the notochord, as indicated by vacuola-
tion and by staining with notochord-specific antibody tor-
70 (Domingo, unpublished results), and differentiation of
somitic mesoderm, as indicated by segmentation and stain-
ing with somite-specific antibody 12-101, follow the pat-
tern of MIB expression, beginning anteriorly, progressing
posteriorly along the lateral boundaries and progressing
medially from the lateral boundary at any anterior-posterior
level.
The expression of MIB and differentiation of cells in the
posterior-medial region of both the notochordal and somitic
territories is dependent on convergence bringing these cells
closer to the lateral boundaries. If the explant encounters
too much mechanical resistence, the bipolar protrusive
activity results in elongation and alignment of the cells but
they do not intercalate and thus convergence and extension
do not occur. In this case, those cells farthest from the
boundaries in the medial, posterior regions, do not show
MIB or differentiate (black dots, Fig. 8A, stage 11-onward).
If convergence and extension are allowed to occur, cell
elongation and alignment are followed by mediolateral
intercalation and convergence and extension, bringing the
lateral boundaries of the notochord and somitic mesoder-
mal territories closer to their respective medial cells (Fig.
8B). In this case, the medial cells express MIB and differ-
entiate.
B
10.5 10.5
10.75 10.75
Fig. 8. Patterns of progression of
mediolateral intercalation behavior (MIB)
are represented by outlines of elongated,
aligned cells in explants not allowed to
converge and extend (A) and ones that are
allowed to converge and extend (B). The
numbers above each explant indicate stage
of development. The solid arrows inside the
explants indicate lateral-medial progression
of MIB and the open arrows indicate
anterior-posterior progression. The arrows
outside the explants show the direction of
convergence and extension, when they
occur. Prospective notochord (no) and
somitic mesoderm (som) and the
prospective boundary between them
(dashed line) are indicated. Formation of
the boundary is indicated by a heavy line.
The black dots indicate areas that do not
express MIB or differentiate in
nonextending, nonconverging explants.
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Fig. 9. Posterior progression of mediolateral
intercalation in the involuted mesoderm approaches
the blastoporal lip (black cell outlines) and forms a
constricting arc at the blastoporal lip (open arrows,
A). The constricting arc is anchored in the vegetal
endoderm at each end and, as it constricts , it
functions to roll the pre-involution IMZ over the lip,
as indicated by the rope and pulley analogy (B).
Mechanical function of MIB progression in gastrulation
The anterior-posterior progression of MIB has a specific
mechanical function in gastrulation. At the beginning of
gastrulation, the leading edge of the IMZ involutes as a
result of active mesodermal cell migration (Winklbauer,
1990) and bottle cell formation (Hardin and Keller, 1988).
Once involution is initiated, MIB expression begins in the
anterior region of the IMZ just inside the blastoporal lip
and progresses posteriorly to the blastoporal lip (Fig. 9A).
At the blastoporal lip, MIB and the resulting intercalation
forms a constriction ring, anchored laterally in the vegetal
endoderm, that presses on the inner surface of the blasto-
poral lip (Fig. 9B). As this constriction ring progresses pos-
teriorly in the IMZ, it pulls the remaining IMZ over the lip
(Fig. 9B). The function of these arcs during involution is
illustrated dramatically by the fact that breaking their con-
tinuity in the dorsolateral sector results in the extension of
the dorsal sector (notochord) straight out into the medium
and the development of somites in situ, without involution,
around the margins of the vegetal endoderm (see Keller,
1981, 1984; Schechtman, 1942). Moreover, the constriction
forces generated by this posteriorly progressing arc of inter-
calating cells can produce involution of the remaining IMZ
without the participation of forces generated by animal cap
epiboly, mesodermal cell migration, or neural extension and
convergence. These regions can be removed, yet involution
of the notochordal and somitic mesoderm goes on unabated
(Keller et al., 1985a, b; R. Keller and S. Jansa, unpublished
results).
Significance of MIB progression for patterning
Although the anterior-posterior progression of cell behav-
ior and differentiation could be predicted from previous
work (see Wilson et al., 1989; Wilson and Keller, 1991),
it was unexpected that cell behavior in axial and paraxial
mesoderm would progress medially from lateral boundaries.
Several facts suggest that the progression reflects the order
in which the cells received the signals eliciting these cell
behaviors. The simplest explanation of the MIB progres-
sion itself is that the cells receive the signals organising
MIB in the order of MIB expression. The fact that cells not
allowed to approach the boundaries, from which MIB and
differentiation begin, do not show expression of MIB or
differentiation implies that these boundaries provide the
organising signals. Finally, a linear array of early gastrula
animal cap cells grafted into the central notochordal terri-
tory, express MIB and differentiate from the anterior end
posteriorly (C. Domingo, unpublished results). This means
that these cells must be receiving organising signals from
the notochord field in the order of MIB expression, since
these cells do not normally express MIB at all, much less
in a progressive pattern. We are currently testing for lat-
eral-medial progression of behavior among strings of
animal cap cells grafted into the IMZ in this orientation.
Progressive reception of organising signals predicts that
commitment of cells to behavioral and histological pheno-
types should also be progressive from lateral to medial and
anterior to posterior. We are testing this by moving cells
from notochordal to somitic territories (and vice versa) and
from medial to lateral positions (and vice versa) within each
tissue. It is not clear at this point whether the progression
of MIB reflects a propagation of a mechanical component
of specification or a propagation of a specifying signal per
se.
These results suggest a revision of our ideas about the
geometry of the signals patterning notochordal and somitic
mesoderm. Grafts of dorsal marginal zone or 'organiser' to
the ventral marginal zone induce ventral tissues to make
dorsal mesodermal and neural tissues (Spemann, 1938;
Gimlich and Cooke, 1983). Explants of ventral marginal
zone will not make dorsal tissues in isolation (Dale and
Slack, 1987), nor will these tissues converge and extend
(Keller and Danilchik, 1988). These facts suggest that a
dorsalizing signal emanates from the organiser and passes
laterally and ventrally in the marginal zone, converting
these tissues to dorsal fates (the third signal in the the three-
signal hypothesis; see Dale and Slack, 1987). The term
'dorsalizing' is correct in that the dorsalizing signal con-
verts what would have become belly mesodermal deriva-
tives (mesothelium and blood) to somitic tissue. But it is
somewhat misleading, since the result of this signal is pri-
marily the addition of prospective posterior somites to the
segmental plate and thus it acts along the prospective ante-
rior-posterior axis rather than along the dorsal-ventral axis
of the notochordal and somitic mesoderm (Fig. 7). The
actual mediolateral patterning or dorsal-ventral patterning
within the prospective notochordal-somitic mesoderm is
determined in a lateral-to-medial order, along arcs ema-
nating from the vegetal edge of the IMZ and arcing toward
the midline, parallelling the progress of the MIB expression.
The first sign of dorsal behavior is MIB expression at the
lateral edge of the somitic territories, which then arcs to the
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midline. The next patterning event is establishment of the
notochordal-somitic boundary transverse to this arc.
Finally, cell behavior and differentiation occur from lateral
boundaries towards the medial region within both these ter-
ritories.
The anterior-posterior and lateral-medial progressions
could be explained with a predominately anterior-posterior
signal radiating from the mid-dorsal region, somewhere in
the vegetal endoderm, and passing along the anterior-pos-
terior axes of notochordal and somitic mesoderm (Fig. 7).
This signal would intersect with signals that had already set
up special competences in the territories destined to"be lat-
eral somitic mesoderm and lateral notochordal mesoderm,
such that cells in these regions would then organize their
own type of behavior and differentiation medially from the
boundary. Responses of cells to combinations of growth
factors have led to the idea that mesodermal phenotypes
may be determined by threshold responses to intersecting
concentration gradients of two signals. Response thresholds
would thus be expected to give rise to sharp boundaries,
such as the notochord-somite boundary discussed (Green,
1992).
It should be noted that the medial edges of only the first
6 or 7 somites meet the notochord. More posterior somites
come to lie next to the notochord as the notochord extends
in the late gastrula and neurula. The notochord shears pos-
teriorly with respect to the somitic mesoderm and pushs the
Fig. 10. Grafts of dorsal epithelium of the early gastrula to the
ventral side of another early gastrula result in formation of a
secondary axis (pointers) on the ventral side of the host embryo
(A). Recombinant explants of dorsal epithelium and ventral deep
cells converge, extend (open arrows) and differentiate dorsal
tissues (B) whereas if the same tissues of the ventral marginal
zone are separated and recombined, no convergence and extension
or dorsal tissues develop (C). Modified from Keller et al., 1991b.
blastopore posteriorly. As this occurs, the somitic meso-
derm lying lateral and ventral to the blastopore swings dor-
sally alongside the notochord (Wilson et al., 1989; Keller
et al., 1989a). These movements, rather than the earlier
convergence movements (Fig. 8B), bring the ventral tissues
of prospective posterior somitic mesoderm dorsally, next to
the notochord (see Figs 5 and 6, Keller et al., 1991b).
Epithelial mesenchymal interactions controlling
mesodermal cell intercalation
The endodermal epithelium of the marginal zone is essen-
tial for the deep mesodermal cells to develop the ability to
undergo mediolateral intercalation independently. If the
endodermal epithelium is removed from explants in the
early gastrula stage, convergence and extension do not
occur (Wilson, 1990). After the early gastrula stage (stage
10.5), the deep cells are capable of independent conver-
gence and extension by mediolateral cell intercalation with-
out the epithelium (Fig. 4). The epithelial layer is not nec-
essary for production of mechanical forces since deep cells
alone can converge and extend after the early gastrula stage.
The epithelial layer appears to provide the deep cells with
essential support or instruction on how to do mediolateral
cell intercalation. Grafts of the dorsal epithelial layer of the
early gastrula to the ventral marginal zone of normal ani-
mals result in the formation of a second set of posterior
axial structures, including notochord, somitic mesoderm
and neural tissue (Fig. 10A) (Shih and Keller, 1992c). Also,
embryos ventralized with UV irradiation can be rescued to
PC
Fig. 11. Our concept of how the dorsal epithelial cells organise
mediolateral intercalation is summarized diagrammatically. The
dorsal epithelium interacts with the outermost mesodermal cells in
the early gastrula (arrows) making it possible for them to do
mediolateral cell intercalation at some later time (dark cells).
Eventually the remaining, deeper mesodermal cells acquire the
same ability (gray cells), either by interacting with the epithelium
as they move closer to it by radial intercalation, or by interaction
with other deep cells already capable of mediolateral intercalation.
The prechordal cells, leading the migration of the mesoderm, are
deprived of epithelial influence, having lost contact with their
corresponding epithelium, the bottle cells (BC), during the
formation of the bottle cells (see Hardin and Keller, 1988) and
thus they never express mediolateral cell intercalation behavior.
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Fig. 12. Planar induction of the convergence and extension of the hindbrain-spinal cord is illustrated. The animal ends of explants of IMZ
labeled with fluorescein dextran amine (shaded, A) were grafted to the edges of explants of the animal cap (ac), skewered to the
substratum with an eyebrow hair (A). Convergence and
extension of the animal cap tissue between the inducing IMZ
and the eyebrow hair followed (B,C), whereas this tissue never
converges and extends when explanted alone (not shown).
Sections show that no labeled inducing tissue had invaded the
animal cap region, proving that no vertical inductive interactions
between mesoderm (IMZ) and the ectodermal animal cap had
occurred (D). When a second IMZ (shaded) was added to the
edge of the animal cap, opposite the native IMZ (E), a second
region of convergence and extension appeared opposite the usual
one, but with opposite polarity (F,G). All grafts were taken from
the early gastrula stage. Modified from Keller et al., 1992b.
form posterior axial structures with grafts of dorsal epithe-
lium. In both cases, unlabelled host tissues participated in
convergence and extension and differentiated into dorsal
axial structures as indicated by tissue markers. Grafts of
dorsal epithelium to ventral explants results in convergence,
extension and differentation of dorsal tissues in the explant
(Fig. 10B), whereas control ventral explants do none of
these things (Fig. IOC).
We envision the dorsal epithelium interacting with the
underlying deep cells early in gastrulation (prior to stage
10.5) and either instructing or supporting the commitment
of the shallowest deep cells to MLB expression (black shad-
ing, Fig. 11) from the outside inward (Fig. II, arrows).
Later, deeper mesodermal cells become committed to MIB
expresssion (stippled cells). The prechordal mesoderm
(unshaded cells, PC; Fig. 11), which lost contact with the
epithelium during bottle cell formation (Hardin and Keller,
1988), are never committed to MIB expression, perhaps
because of this loss of contact with the epithelium at the
beginning of gastrulation.
Planar induction of neural convergence and
extension
The convergence and extension of the posterior neural plate
was not expected in explants (Keller et al., 1985a, b), since
no mesoderm underlies this tissue prior to explantation.
Thus neural-type convergence and extension could not have
occurred by the classical vertical route of neural induction
but must involve signals passing within the plane of the
dorsal tissue of the embryo (see Keller and Danilchik, 1988)
(planar induction see Phillips, 1991, for a review). How-
ever, planar induction is difficult to demonstrate for sev-
eral reasons. Time-lapse tracing of the prospective areas of
the neural anlagen show that the entire hindbrain-spinal
cord of the neural plate is very broad and very, very short
at the onset of gastrulation, and elongates tremendously by
radial and mediolateral intercalation during late gastrulation
and neurulation (Keller et al., 1992a). Marking experiments
show that it is quickly underlain by the involuting meso-
derm (Keller et al., 1992a). Moreover, tests of planar indue-
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Tissue Interactions:
Planar Induction
Morphogenesis:
Cell Intercalation
Fig. 13. Schematic diagrams show the
significance of planar induction of cell
intercalation in neural plate morphogenesis.
The background of the figure (top) shows
the changes in shape of the the prospective
neural plate from the early gastrula through
stage 15, including the forebrain and
midbrain (F-M), hindbrain (H) and spinal
cord (S) from stage 10+ to 15, as if they
were flattened out in a plane instead of being
wrapped around one side of sphere. Note the
convergence and extension of the nervous
system, particularly the hindbrain and spinal
cord. The foreground (bottom) represents the
underlying cellular events in induction and
execution of the convergence and extension
movements in the hindbrain and spinal cord
(Keller et al., 1992a). Planar signals
produced by the dorsal involuting marginal
zone (DIMZ) act on a few rows of
ectodermal cells animal to them in the first
part of gastrulation (left). Planar signals
could come from the mesoderm directly
(long arrows), or relayed through the
ectoderm by homeogenetic propagation of
the inductive signal (multiple arrows). The morphogenetic response of the ectoderm to planar induction is to undergo radial and
mediolateral cell intercalation, to produce a longer, thinner and narrower array of cells (right). Figure and legend from Keller et al.,
1992b.
tion depend on removing all leading edge mesoderm from
the inner surface of the explant, lest these invasive cells
migrate animally in the core of the prospective neural
tissues. There they are strung out along the anterior-pos-
terior axis by convergence and extension and thus provide
vertical interactions unbeknownst to the investigator (see
Fig. 10, Keller, 1991). We solved these problems and
demonstrated planar induction of neural convergence and
extension by grafting labeled dorsal IMZ (organiser) to
unlabeled animal cap tissue (Fig. 12A). The unlabelled
animal cap tissue converges, extends and differentiates as
neural tissue (Fig. 12B,C). The labeled IMZ (organiser)
tissue retains its planar apposition throughout the experi-
ment, thus precluding vertical interactions (Keller et al.,
1992b) (Fig. 12D). Adding another IMZ to the opposite side
of the animal cap results in two regions of polarized, neural
convergence and extension, one induced by the original
IMZ and another induced by the added IMZ (Fig. 12D-G)
(Keller et al., 1992b). Cell labeling experiments show that
neural convergence and extension take place by the same
sequence of radial and mediolateral cell intercalation seen
in the mesodermal tissue (Keller et al., 1992a). These two
studies (Keller et al. 1992a, b) show how short-range planar
signals can induce a large part of the nervous system. Planar
signals delivered to the posterior edge of the prospective
nervous system in the late blastula and early gastrula act
over a short distance to induce cell intercalation. Cell inter-
calation then greatly elongates and narrows the prospective
hindbrain-spinal cord (Fig. 13). The fact that planar signals
do not have to act over more than a few cell diameters to
induce neural convergence and extension does not preclude
action of these or related signals over longer distances, per-
haps through the entire brain. Planar signals also induce
expression of anterior-posterior markers in their normal
order (Doniach et al., this volume). The induced conver-
gence and extension also bears its normal anterior-posterior
polarity (Keller et al., 1992b).
Misconceptions
It is commonly thought that convergence and extension
imply that ventral tissue moves dorsally. This does happen
but not as part of the initial convergence. Between the early
midgastrula (stage 10.5) and the late gastrula (stage 11.5),
time-lapse recordings show that convergence brings the
dorsal tissue closer to the ventral tissue and extension
moves the dorsal blastoporal lip across the yolk plug, the
combination of these movements resulting in closure of the
blastoporal lips on the ventral aspect of the vegetal endo-
derm (see Keller and Danilchik, 1988). Convergence of
dorsal tissue towards the ventral side is also evident in giant
explants of the entire dorsal to ventral extent of the mar-
ginal zone (Keller and Danilchik, 1988). After stage 11.5,
the blastoporal region is pushed ventrally by the extending
notochord (see Figure 1, Keller and Danilchik, 1988) and
in explants the mesoderm of the ventral marginal zone that
forms the posterior somites is seen streaming around both
sides of the blastoporal region and thus 'converging' on a
dorsal position next to the notochord (see Wilson et al.,
1989; Keller etal., 1989a; Figures 5, 6, Keller etal., 1991b).
Thus this late 'convergence', which does actually sweep
ventral material dorsally, has a different cellular and
mechanical basis than the earlier convergence, which brings
all points on the arc closer together, thus pulling the dorsal
midline closer to the vegetal endoderm at the lateral ends
of the arcs (see Fig. 9, above).
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It is likewise a misconception that mesodermal cells
'migrate' dorsally because more cells find themselves in the
dorsal midline than were there originally. The bipolar pro-
trusive activity described above pulls the cells between one
another along the full length of the arcs, sweeping from
their anchorage in the vegetal endoderm on one side to their
corrresponding anchorage on the other side. Cells have
never been observed to migrate 'dorsally'. In fact, migra-
tion in either direction results when convergence and exten-
sion are failing rather than succeeding. When convergence
and extension are blocked by mechanical resistence, the
cells 'walk' out on one another's surfaces to greater than
normal lengths (aspect ratios of 6 or 7) and then they break
loose at one end or the other and 'migrate'. This results in
mediolateral exchange of places but no effective intercala-
tion (Shih and Keller, 1992b). These behaviors in Xenopus
contrast with those in the teleost fish, where convergence
movements do involve directed migration (Trinkaus et al.,
1992).
Conclusions
Our recent work has focused on the cellular and mechani-
cal basis of the powerful convergence and extension move-
ments of the notochordal and somitic mesoderm and the
hindbrain-spinal cord tissue of Xenopus, and the tissue
interactions that regulate these behaviors. The general con-
clusion of the work described above, and other work as well
(see Adams et al., 1990; Koehl et al., 1990; Hardin, 1990),
is that relatively simple routines of cell motility and behav-
ior, and rules of contact interaction, acting in the complex
geometry and mechanical environment of biological
(embryonic) tissues, produce unexpected and extraordinary
mechanisms of translating forces developed by individual
cells into mass tissue deformations in early embryogensis.
These are unexpected and extraordinary only in that they
have been largely ignored in modern developmental and
cell biology. It is now clear that a large part of the illusive
'mechanism' of morphogenesis lies in the cytomechanics
of cell populations, and it is in this arena that the signifi-
cance and function of individual cells and specific mole-
cules will be defined and given meaning.
We thank Dr Connie Lane, Dr Amy Sater, and Dr Jeremy Green
for their insightful comments and suggestions.
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